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The interaction of Pd with the Al-terminated Al ,05(0001) surface has been investigated using an
embedded cluster model and periodic-supercell approaches. Furthermore, several treatments of
electronic exchange and correlation within density functioi) theory have been employed
including generalized gradient approximatig8GA) and hybrid exchange functionals. In the
periodic calculations the influence of pseudopotentials and basis sets have also been investigated by
comparing GGA results obtained using all electron basis set and pseudopotential plane-wave
approaches. For a given choice of the exchange-correlation functional and for a fixed substrate, the
cluster and slab models predict nearly the same structural parameters and adsorption energies. All
structural models reproduce the general trend for the interaction of Pd with-thleO5(0001)

surface, which is that there is a slight preference for adsorption above surface sites sitting directly
above oxygen atoms either from the second or fifth layer. However, significantly larger differences
exist when comparing different DF methods within a given surface model. The cluster and periodic
slab models predict a large adsorbate-induced relaxation with a similar description of the
metal-oxide interface provided a minimum number of surface layers is included in the optimization
procedure. ©2002 American Institute of Physic§DOI: 10.1063/1.142964]2

I. INTRODUCTION spectrometry in static mode, SSIMS, and by thermal pro-
grammed desorption, TPDFrom these studies it is pre-
Understanding the growth of metal clusters and metatlicted that Pd grows om-Al,O; following either the
thin films on an oxide substrate is a key issue in a variety oStranski—Krastanov, SK, model, completion of a monolayer
technological applications. The initial steps of the metalplus 3D crystallite growth, or the three-dimensional Volmer—
atom deposition on the oxide surface are responsible for thgveber, VW, mechanism. It is suggested that at low coverage
resulting morphology of the metal overlayer. This is of con-Pd—Al bonds are formed first and that Pd—O bonds appear to
siderable interest in many applications ranging from metalbe formed in a subsequent step. During the adsorption stage,
ceramic-based gas sensors to microelectronic devices @rtiny negatively charged palladium is observed but the Pd
oxide-supported transition metal catalystskewise, the af-  atoms remain essentially neutral during deposition. Palla-
finity of a single metal atom towards a given adsorption sitedium clusters in the 1-3 A thickness range exhibit a work
of an oxide surface strongly affects the properties of the supfunction that remains at a constant value of 6.5 eV on
ported catalyst and its surface chemistry. Alumina is widelya-Al,O5. The very recent experiments of Pagigal® using
used as a support for ultra-thin metal deposttiand also for  noncontact atomic force microscopy, NC-AFM, show ad-
metal supported catalystdviost often, y-alumina is used as sorbed Pd clusters which are30—40 A in diameter and
support because of its acid-base properties. However, iR-2-3 A in height above the:-Al,03(0001) surface. These
some other cases, as in the industrial oxidation reaction cduthors also suggest that their observations are consistent
ethylene to produce oxyrane, a virtually inert support is necwith either SK or VW growth modes. Similar findings have
essary andr-alumina becomes an obvious choice. been previously reported for experiments that use aluminum
Recently, the adsorption of palladium on theAl,O;  oxide thin films grown on a metal support such as Ni&l
surface has been studied by means of secondary ion magstead of well-characterized single crystal corundum sur-

faces.
dAuthor to whom correspondence should be addressed. Electronic mail: T_he experimental and teChn_OIOgical interest of the
fillas@gf.ub.es alumina-supported catalysts has triggered a number of theo-
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retical studies aimed at understanding the nature of themportance as it facilitates modeling of the ubiquitous sur-
metal—oxide interaction and predicting the active sites foiface inhomogeneities and point defects which are believed to
metal cluster adsorption. Verdozet al® recently reported be active sites for metal growthor such problems the clus-
results from a local density approximatighDA) study of  ter model and a localized description are often significantly
the adsorption of Ag and Pt atoms on the Al-terminatedmore convenient than large scale periodic supercell calcula-
a-Al,05(0001) surface. These authors found that at lowtions. In comparing various models and making contact with
coverage, Ag atoms are preferentially adsorbed above suexperiment a complete treatment of surface relaxation is im-
face aluminum atoms while Pt is adsorbed above the outeportant. For this the cluster model must be sufficiently large
most oxygen atoms. However,rfa 1 ML geometrical cov- and periodic supercell models must use large enough super-
erage, the LDA predicts that both metals have a slightells and be based on sufficiently thick slabs. In general these
preference for direct adsorption on surface aluminum atomgjuestions can only be addressed by systematic studies of the
Zhang and co-worket$ used LDA and the generalized gra- variation of particular results with model size. However, one
dient approximation, GGA, to study the thermodynamics ofmight expect that the interaction of Pd with Al ,03(0001),

the interaction of Nb also with the-Al,0,(0001) surface. Wwhich induces a large substrate relaxationyill converge
Depending on the oxygen partial pressure, they found thanore slowly with respect to model size than Pd on a simple
the Nbla-Al,O5 interface formation can reverse the order of oxide surface such as MgO.

stability leading to an O-terminated surface which is nor-  In this work we present a detailed and systematic study
mally less stable than the Al-terminated surface. Nevertheof the interaction of Pd atoms with different sites of the
less, two recent theoretical studies claim that even undeielaxed, clean, Al-terminated-Al,03(0001) surface using
high oxygen partial pressure the Al-terminated surface i@ variety of structural models. Both finite cluster and peri-
stable*1? One must note that these results contrast with thédic supercell models have been used to represent the corre-
conclusions of several works summarized in the review bysponding interface. In addition, two periodic supercell ap-
Renaud® The interaction of Ag with thea-Al,O5(0001)  Proaches have been used. In the first, a slab periodic in two
surface is currently being studied by Zhukovsidial** us- ~ dimensions but finite in the third dimension is used, and in
ing a periodic supercell Hartree—Fock approach includinghe second approach such slabs are also repeated periodically
electronic correlation effects by meansaposterioricorre- i the third dimension but are separated by a vacuum gap
lation functional. Similarly, the nature of the interaction be- sufficiently large to make slab—slab interactions negligible.
tween Pd and ther-Al,05(0001) has been investigated by This latter approach is particularly convenient when a plane
Gomeset al’® using a cluster model and the constrainedWave basis set is employed and it is very widely used in solid
space orbital variation method. The cluster results suggest #ate physics, especially to describe metals and metallic sur-
large adsorbate-induced relaxation that has been confirmd@ces. In all cases, the surface relaxation induced by the
by the same authors through periodic supercell GGA calculMetal deposition has been explicitly taken into account. The
lations within a plane wave basis set. Using the same per@'ticle is orgamze.d as follows: In Sec. i the dlfferen'F surface
odic supercell GGA approach Hémdez and Sanz have ana- mode_ls are described. In Sec. Il we discuss the various com-
lyzed the interaction mechanism of Cu, Ag, and Au with thePutational approaches. In S_ec. IV we present the Whole_set of
a-Al,04(0001) surfacé® Lodziana and Norskov have also results obtained with the different computational techniques

used this later approach in recent research involving differenf/ithin the cluster model or periodic description of the
terminations and stoichiometries of the-Al,04(0001) Pd/Al,O5; system for a fixed substrate. In Sec. V we describe

surfacel” The variety of possible surfacesAl- or the adsorbate-induced surface relaxation, and comparison to

O-terminated], surfaces model¢embedded cluster or peri- experimental results, where available, is reported in Sec. VI.
odic superce)l and exchange-correlation approximations Finally, our conclusions are presented in Sec. VII.
(Hartree—Fock or various Density Functional treatmenés

cessngtes a systematlc_: investigation of the effects of botn_ SURFACE MODELS OF THE ATERMINATED
material and computational models before reliable conclu-
. . o . a-Al,05(0001) SURFACE
sions can be drawn. The importance of establishing the in-
fluence of these approximations is also manifest in previous In the present work, thev-Al,O5 surface was repre-
studies of the interaction of transition metals on the surfacgented by two extreme ideal models that are also representa-
of simple oxides. The previous work of Lopetal®on the tive of two different ways of thinking about surface phenom-
interaction of Pd with Mg@LO0) strongly suggests that in ena. In the first, one focuses in the local properties such as
DFT methods the influence of the choice of exchangeithe interaction of an adsorbate with the surface at very low
correlation functional can be very significant. For the adsorp€overage. Here, the surface is modeled by a finite number of
tion of Cu on Mg@100) the validity of the cluster model has atoms that are quantum mechanically treated. This cluster
been demonstrated explicitly. Embedded cluster models ahodel is embedded in an environment which accounts for
increasing size indicate that, at least for this simple oxideshort and long range interactions with the remainder of the
results converge rather quickly with respect to the number o€rystal. In the second case one imagines a perfect, defect-
atoms included® Clearly, a-Al,05(0001) is a much more free, surface infinite and periodic in two dimensions. The
complicated substrate and it is not obvious that this systemesulting model is slab periodic in two dimensions and of
could be properly described by means of a cluster modelimited thickness in the third. As discussed above, the slab
Establishing the validity of a local description is of great may then be subject to vacuum boundary conditions in the



1686 J. Chem. Phys., Vol. 116, No. 4, 22 January 2002 Gomes et al.

outermost layer in the Al-terminated of the clean
a-Al,05(0001) surface, the Aland G can be regarded as
top sites while A}, Al, and G are hollow sites.

The periodic supercell calculations were all performed
for a3 ML Pd coverage, i.e., one Pd atom per (AKD) , unit
cell, 3* n being the total number of atomic layers in the slab.
In the two-dimensional periodic calculations a nine-layer
slab, with the same cell parameters used in our previous
work,?® was used to represent the alumina surface. In the
three-dimensional periodic calculations, the same unit cell is
used in order to facilitate comparison of the models. In this
case a vacuum width of 10 A was introduced between the
repeated slabs. The resulting unit cell is a rhombic prism
belonging to the hexagonal system. Notice that this structural
model is not identical to that used in our previous three-
dimensional periodic calculations and, hence, results in the
tables are slightly different from those reported in Ref. 15.

Ill. COMPUTATIONAL MODELS

For the cluster calculations all electrons of Al and O
FIG. 1. Schematic representation of thezgmls, TIPS included, cluster atoms in the |0ca| region were exp||c|t|y treated by means Of
model used to represent the variou_s adsorption siFes on %@;@I001) %31G and 6-33+G* standard Gaussian basis sets respec-
surface. Large spheres represent anions and small light spheres represent the . . o
cations that were treated all-electron during the computation procedurd!Vely. The latter includes a diffuse and a polarization func-
AI®* TIPS are represented as small dark spheres. Fifth layer aluminurtion of d symmetry. For the palladium atom, the 28 inner
atoms are not shown because they are located exactly below the first lay@llectrons were included in a relativistic effective core poten-
aluminum atoms. tial, ECP?® and the corresponding basis set employed to de-
scribe the 424p%4d*° valence electrons was of douhfe-
quality. These ECP and basis sets are usually referred to as
third direction or, for computational convenience, repeated ANL2 and LANL2DZ, respectively. The TIPs for Af
periodically in the third direction with slabs separated bywere also described by means of the Hay and Wadt effective
vacuum gaps. core potential® With this cluster model two different sets
The cluster model used to represent the alumina surfacef calculations were carried out to investigate the
contains 2395 centers that are divided in three different rePd/a-Al,O; interface. In the first set of calculations only the
gions as schematically illustrated in Fig. 1. The first regionperpendicular distance of the palladium atom to each of these
contains 23 atoms, 8 Al and 15 O, which are explicitly adsorption sites was optimized and in the second set of cal-
treated by a proper quantum mechanical method. The secomdlations a partial geometry optimization involving the sub-
shell includes 18 total ion potentig&TIPs, that are custom- strate atoms near to the metal adatom was carried out for Pd
arily added to avoid spurious polarization of the outer clusteinteracting with the Al and G adsorption sites. All cluster
oxygen atom$81921.2n this case the TIP consists simply of calculations were performed with thesAUSSIAN 98
a pseudopotential mimicking an 3l cation, no basis func- packagé’
tions are added to the TIP. Finally, the third region contains In order to study the effect of the level of theory in the
2354 point charges with values 6f3|e| and —2|e| for cat- study of the Pd/AIO; interface, several exchange-
ions and anions, respectively. The array of point charges icorrelation functionals were used. The density functional
the third region provides an adequate representation of theethods used in the cluster calculations are the GGA pro-
electrostatic potential in the cluster. Surface relaxation waposed by Perdew and W&ig° and two different hybrid
explicitly introduced in this model; the vertical separation schemes that follow the ideas of Beclelhe former is cho-
between the outermost surface layers was taken from prevéen because it is the default approach in many band structure
ous work on the reconstruction of the clean and Al-computer codes whereas the hybrid approaches are increas-
terminated a-Al,05; surface calculated by periodic all- ingly used in molecular quantum chemistry. The hybrid
electron DFT2*~2° Further details about the setup of this methods used are B3LYP and B3PW91. These are very simi-
cluster model can be found elsewhéteFor the above- lar to the BLYP and BPW91 pure DFT methods which use
described cluster model, five different sites of the relaxedhe Becke’s nonlocal exchange functiotfaand either the
a-Al,04(0001) surface have been considered for Pd adsormorrelation functional given by Lee, Yang, and Parpased
tion. These sites are labeled as, AD,, Al;, Al, and G, on the original work of Colle and Salvetti on the correlation
Al; denotes a surface site directly above an Al cation of thdactor®>3*or the correlation functional proposed by Perdew
outermost atomic layer whereas, @enotes a surface site and Wang®?° However, in the B3LYP and B3PW91 hybrid
located directly above an oxygen anion in the second layemethods three parameters of the exchange functional are fit
The notation for the rest of sites follows the same logic, cf.to reproduce experimental thermochemical data. The opti-
Fig. 1. Because of the very large inwards relaxation of the Aimum mixing being found for~-20% Fock exchange in the
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exchange functional. It is important to note that the B3LYPTABLE I. Effect of the substrate model used to study the interaction of a Pd

hvbrid functional has found wi li ilitv in mol lar atom with five different surface s_ites on theAI2_03(_0001), calculated at
yb d functional has found wide app cab y olecuia the GGA level of theory. The oxide substrate is fixed and only the Pd to

calculation a.nd that in part'CU|ar It '_S .able to rgproduce th%urfaoe distance is optimized. The adsorption energies are calculated with
thermochemistry of molecules containing transition metal atrespect to the separated systems and include the counterpoise correction.

oms although no transition metal compounds were includedhe 2D and 3D slabs refer to therysTAL and vasp calculations, respec-

; . 3537 : tively. The last column collects the average between the different models
in the data set used in its constructin®’ All adsorption and the standard deviation.

energies calculated by means of cluster models have been
corrected for possible basis set superposition errors using the Surface model
standard counterpoise method.

The periodic calculations were performed by means of

Property Site 2D slab Cluster 3D Slab Averagdeviation

the CRYSTAL program®® for the pure two-dimensional peri- Al 253 249 243 2:490.05
odic slab calculations, anésp 4.4.3 codé®~*for the three- © 215 206 200 2.100.05

, , HETS) T T d(Pd-Surf/A A,  2.06 1.96 1.97 2.080.05
dimensional periodic calculations. Here, it is important to Al, 2.06 1.93 2.00 1.9%0.08
point out that these calculations use different basis sets and Os  2.05 1.96 1.97 1.990.05
treatments .of the core electror\s. In thRYSTAL C(_)de the A, 083 070 076 0.760.09
Blloch functions are expanded in terms of Gaussian type or- 0, 098 086 1.02 0.950.08
bitals, GTO, that have an identical form to those widely used-g,,/ev Al;  0.65 0.47 0.66 0.590.11
in molecular quantum chemical calculations. In thAsP cal- Al, 075 0.69 0.78 0.740.05
culations the Bloch functions are expanded in a plane wave O 091 077 093 0.870.09

basis with a discrete set 8fvectors selected to have kinetic
energy less than an energy cutoff. Both basis sets are aimed

to expand the_sam_e H|Ibert_ space_and .th.e same results MUt terminated surfaces of the slab. The reason for this is to
be obtained with either basis, provided it is extended enouggxpmit the point group symmetry in thervSTAL calcula-
and the same exchange-correlation functional is used. Rggng and at the same time use the same structural model in
sults in the next section will provide strong evidence that thise hree-dimensional periodic calculations. Notice that this
is indeed the case. _ implies a symmetric relaxation of the two outermost atomic

In the crysTAL calculations all electrons of the Al, O and |5vers in each of the two surfaces of the slab. The similarity
Pd atoms are explicitly considered. The GTO basis sets usgghyyeen the optimized structures including just one Pd over-
in the present study are similar but somewhat more extendqgyer with the six outermost atomic layers with no up—down
than thqse use in the previous studi_es on the relaxation of tr@ymmetry and those resulting from the symmetric relaxation
Al-terminated surfacé?* Hence, using Pople’s rather stan- of the two outermost surfaces indicates that the latter does
dard notation, the O and Al basis sets were of 8-511G andqt introduce any artifact in the model. Finally, we note that
8-711G quality, respectively. The Pd basis set was a 9-7631%y, 4 proper comparison between cluster and periodic ap-
631G quality, i.e., % functions plus $p and 3d shells  proaches it is necessary not only to model the same physical
constructed from #6+3+1+1 and 6+3+1 contraction  gyrface but also to use the same approach to density func-
schemes, respectivel§An auxiliary Gaussian basis set con- tional theory. HencecRYSTAL and VAsP calculations have
taining 20 even-temperesisymmetry functions was used t0 peen carried out by means of the GGA model arySTAL
fit the exchange correlation potential while the energy funccaiculations were indeed carried out for the B3LYP and
tional was integrated explicitly on an atom centered grid.B83pw91. The latter is exactly the same for both cluster and
Finally, the plane wave GGA periodic calculations have beerperiodic calculations, however the LDA part of the correla-
carried out using ultrasoft pseudopotentials to represent thgon functional used in B3LYP cluster and periodic calcula-
core electron$® The cutoff energy for the plane waves was tions is slightly different. The implementation of the LDA
337 eV and the Monkhorst—Pack set of fduipoints was  correlation inGAaUssIAN uses the functional defined in Eq.
used. (3) of the paper by Vosket al** whereascRYsTAL (and

In order to have a clear-cut comparison between clustemost of the plane wave band structure codese the func-

and periodic calculations, the latter were carried out for a&jonal defined in Eq(5) of Ref. 44(see also the discussion of
relaxed but fixed substrate and for a surface which was althis point in the papers by Martin and 1l)e&*

lowed to relax in response to the presence of Pd. In the first
case only the distance of Pd perpendicular to the surfac
above each possible, high symmetry, active site has beegtpd ADSORPTION ON A FIXED a-Al;04(0001)

. . . RFACE
considered. Adsorbate-induced surface relaxation was stud-
ied by allowing the vertical relaxation of the two outermost The first point to consider concerns the influence of the
atomic layers in the&RYSTAL and VASP calculations, respec- surface model on structural properties and the energetics of
tively. In the latter case, calculations were repeated by allowadsorption. To this end we consider the GGA results obtained
ing the six outermost substrate layers to relax. However, néor the three different structural models of the relaxed Al-
significant differences between the two final optimized structerminateda-Al,O5 surface which is kept fixed during the
tures were found. This is important because in the geometrinteraction with Pd. The use of a fixed substrate and of the
optimizations with the two- and three-dimensional periodicsame exchange correlation functional isolates the effects of
slab models there is a Pd overlayer above each of the twithe surface model. From the data reported in Table | it is
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clear that the agreement between the cluster and periodi@BLE II. Effect of the exchange-correlation functional in the study of the
calculations is remarkable, especially between the cluster arfgiéraction of ‘a Pd atom with five different surface sites on the
he bl lculations. Note that th lculation a-Al,05(0001), calculated using cluster or purely two-dimensional slab
the p ane wave calcula O S. Note a ese calculations Usfqgels. The oxide substrate is fixed and only the Pd to surface distance is
relativistic pseudopotentials to describe the core electronsptimized. The adsorption energies are calculated with respect to the sepa-
Hence, the small deviation from the results of the purelyrated systems and include the counterpoise correction.
two-dimensional calculations can be ascribed to the lack of

treatment of relativistic effects in the atomic core which are

Property Site GGA B3LYP B3PW91 Averageleviation

neglected in these all-electron calculations. In fact, the most Cluster Model

important relativistic effect is the contraction of the valence 'g'l 2'32 ;ig ;gé ;gg'gg
shell due to the scalar mass-velocity term. This is indirectlyy (pg.syjiA A, 1.96  1.96 1.90 1.940.03
introduced in the pseudopotential either through the fit of the Al, 193  1.93 1.89 1.990.02
pseudo-orbital to the relativistic all-electron orbital in the Os 196 205 2.00 2.0680.05
formalism of Hay and Wadt or by a similar procedure AL 070 044 0.48 0.540.14
within _th_e uItra—soﬁ approact!.In order to verlf_y that _thls is O, 086 051 0.56 0.640.19
the origin of the discrepancy between two-dimensional and-E,./ev Al; 047 012 0.15 0.250.19
cluster and three-dimensional slab calculations we have re- Al, 069 030 0.32 0.440.22
peated some of the cluster calculations but using the same all Os 077 042 0.49 0.560.19
electron basis set for Pd as in torYSTAL slab calculations. Two-dimensional model

The final distances are always larger than those obtained Al; 253 258 2.54 2.550.03
from the relativistic ECP by 0.01-0.03 A. Nevertheless, the o SuilA O, ;-ég ;-ig zig ;-gg-gs
three different models predict equilibrium distances that ard (Pd-Suri 2:3 506 215 508 5 16005
in agr_eementlwnhm an error bar_ of roughty0.05 A. 0s 205 214 207 2.090.05

It is possible to claim that since the adsorbate—surface

distance is a local property the agreement between different 'g'l 8'32 8'2‘3‘ 8'23 8'%8';(7)
mode!s desc_:rlbed above could be ant|C|pateq from previous E../eV Al, 065 034 033 0.440 18
experience in cluster models of metal, semiconductor, and Al, 075 044 0.44 0.540.18
oxide surface8® However, the agreement between the clus- Os 091 055 0.57 0.680.20

ter and periodic calculations discussed above is not limited t&
the equilibrium distance. The summary of adsorption ener-

gies reported in Table | shows that the agreement between

cluster and periodic calculations also holds for the energetictately described using hybrid-type function#s>~*"Notice
which are a very sensitive and ultimately the most vital testhat previous work has clearly shown that GGA has a marked
of the surface model. For the most favorable &ieove Q), tendency to overestimate the strength of the metal—oxide
the adhesion energy predicted by the cluster and the differeriiteraction:®** This is the main reason for including hybrid
slab models differs by 0.13 eV and' in the worst case, théUnCtionals in the present SyStematiC Study. The analySiS of
difference does not exceed 0.17 eV. In absolute terms theg@sults in Table Il reveals that the effect of the exchange-

are quite small values although they do represent a variatiogorrelation functional is at least of the same order as the
of some 15% in the total adsorption energy. effect of the surface model. In fact, even the equilibrium

The resu'ts Of th|s first part can be Summarized in adistance that one m|ght eXpeCt to be IeSS SenSitive to the
rather simple way: the use of a cluster or a slab surfac&ffect of the functional chosen reflects a non-negligible
model leads to values in the perpendicular equilibrium disvariation. This effect of the DF method in the distance is
tance of the Pd atom to the corundum surface that agree @¢companied by an even larger effect in the adsorption en-
+0.05 A and adsorption energies that agreec@10 eV. In €19 Nevertheless, all methods predict the same order of
the forthcoming discussion we will show that the uncertaintyStability for the different active sites although one can safely
caused by the choice of one or another surface model is &onclude that the accuracy of the adsorption energy does not
the same order as that caused by the choice of a give@,xceed 0.25 eV. ThIS is somewhat larger than the error intro-
exchange-correlation functional among those that are beduced by the choice of a surface model.
lieved to be of high accuracy. This statement is supported by
the resglts summarized m_TabIe Il for a clust_er and a tvv.o—v' ADSORBATE-INDUCED RELAXATION EFFECTS
dimensional slab model using GGA and two different hyb”dFOR Pd ON a-Al,04(0001)

. . . 2V3

functionals to avoid the differences commented above be-
tween the two different implementations of B3LYP. Results  Following previous work® possible adsorbate-induced
for the plane wave basis are not included because at presemlaxation effects for the interaction of Pd above the five
nonlocal Fock contribution to the exchange interaction candifferent adsorption sites were considered by allowing some
not be conveniently computed within this methodology. Cur-of substrate atoms to relax. However, for technical reasons,
rently, plane wave calculations are limited to LDA and GGAsomewhat different optimization procedures were adopted
approaches. However, from quantum chemical applications for the different surface models. For the cluster model only
is known that for molecular systems the thermochemistrithe Al; and G sites which are sufficiently far away from the
and energetics of a given chemical reaction are more accwluster edge were relaxed. For Pd adsorption above these two
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TABLE 11 .Effe_ct of'the substrate mc_JdeI used to study the interaction of acut from an infinite bulk AiOg crystal exhibits a very large
Pd atom with five different surface sites on theAl,05(0001), calculated . . L ;

at the GGA level of theory. Some atomic layers of the oxide substrate aréelaxatlon bUt. On_ly. t.he Al a_tf)m'c layer is significantly dzl53'
relaxed. The adsorption energies are calculated with respect to the separatelaced from its initial position and towards the béfk:
systems and include the counterpoise correction. Thus, it is not surprising that the presence of any adsorbed
species above the-Al,0O; surface affects essentially the top

aluminum layer. The qualitative agreement of the various

Adsorption site

Surface model Al 0, Al Al Os models on the nature of the relaxation is thus to be expected.
2D Slab An important point emerging from the results on Table
d (Pd-surf)/A 2.37 1.82 1.50 1.44 1.76 Il is that the perpendicular distance to the surface predicted
d (Al;—0y)/A 0.30 0.49 0.53 0.59 044 by the two- and three-dimensional slabs is the same. We
A (A= AID/A 0.12 0.40 0.45 0.50 040 know, however, that for a fixed substrate there were non-
~Baas/eV 113 L.75 1.44 1.66 1.65 negligible differences between the two surface models, cf.
Cluster Table |, that arise from neglecting scalar relativistic effects
d (Pd-surfy/A 244 1.69 on the all electron two-dimensional slab. Therefore, the very
d (Al;—0,)/A 0.53 0.61 close agreement between the two models is somewhat fortu-
A (Al —AIY/A 0.29 0.37 itous. In fact, inspection of Table Ill reveals that the differ-
~Eass/eV 1.29 1.60 ence between the two models remains, but now it is almost
3D slab entirely transferred ta\ (Al}—Al fl). Another, important ef-

d (Pd-surfy/A 239 1.79 1.44 142 1.74 fect of surface-induced relaxation is the change in the order
d (Al;—0,)/A 0.34 0.42 0.52 0.54 0.43 of stability of the different sites, especially for Althat now

A (Al AID7A 0.20 0.29 0.42 0.43 028 pecomes the least favored site. Nevertheless, the general
—E.aleV 0.89 1.39 1.04 1.27 1.28

trends predicted by the three surface models are the same.
The only significant difference, apart from that already com-
mented forA(Al},—Al}), is the absolute value of the adhe-
sites we relax the vertical position of the nearest Alom sion energy which, as in the case of the fixed substrate, dif-
and the @ atoms underneath. This choice is not self-evidentfers by at most 0.3 eV.
but follows from the results of periodic calculations reported ~ The final point to discuss concerns the effect of the
in a previous work® For the two-dimensional slab model we exchange-correlation functional for the optimized surface
followed a similar approach, the vertical position of the Al models. The two-dimensional slab model calculations, within
and O layers has been optimized and, finally, six Iayersthe GGA level of theory, produces shorter Pd to surface dis-
were fully relaxed in the repeated 3D slabs as commented iifnces than those calculated by the hybrid method B3LYP, cf.
Sec. lIl. In this latter case, the optimization procedure wasiable IV. The differences between the two functionals are
repeated by allowing only the two outermost,, Aind G, larger than those found for the fixed surface. Similar results
layers to relax. In this way the two periodic calculationsare found for the cluster model, but here the effect of the
represent exactly the same physical model. The results frof@Xchange-correlation functional is less pronounced, the dif-
the two optimizations with six or two layers relaxed are al-ferences are of the order of those already found for the fixed
most indistinguishable, the latter being the ones included ifurface. The appearance of larger differences in the structural
the tables to allow a more adequate comparison. Results iftarameters predicted by the GGA and B3LYP periodic cal-
cluding the relaxation of the six outermost layers have beegulations must be attributed to the optimization procedure
reported in a previous work although using a slightly differ- that is based on numerical gradients as opposed to the cluster
ent unit cell’® calculation which makes use of analytical gradients. Hence,

Following the strategy of the previous section we dividethe difference in equilibrium geometries is not only due to
the discussion of results in two parts. The first one concernile effect of the exchange-correlation functional, but also to
GGA results on different models and the second part is dethe relatively flat potential energy for the motion of Pd per-
voted to investigate the effect of the exchange-correlatioiPendicular to the surface. With respect to the adhesion en-
functional on a given surface model. From the results re€r9. it is worth pointing out that the relative energetics of
ported in Table IIl it appears that all surface models predict ghe bonding of Pd on the several adsorption sites on the
very large adsorbate-induced surface relaxation. Here, thgorundum surface is the same for both computational ap-
important parameters are the displacement of thelaer, proaches. The effect of the exchange-correlation functional
A(Alil—Al fl), and the distance of Pd to theAdurface layer. in the final adhesion energy is ggain 00.25 eV, j[he same
Precisely,A(AIil—AI fl) is the structural parameter exhibiting that was already found for the fixed substrate Wlth a general
the largest variation. The presence of Pd provokes the Altrend of GGA to predict larger values of the adhesion energy.
layer to relax outwards. This is easily understood because the
adsorption of Pd restores partially the bulk coordination. ThevI COMPARISON TO AVAILABLE EXPERIMENTAL
O, layer does also distort, but because of the lack gf C DATA FOR Pd ON a-Al,0,(0001)

. . . 2U3

symmetry on the @ and G sites there is not a uniform
relaxation of this layer. The overall relaxation of the l@yer From the systematic study presented in the previous sec-
atoms is small for the relaxation of the, @ayer when the tions one can safely conclude that for low Pd coverages or in
Al,O; surface is cut. The Al-terminated-alumina surface the initial steps of Pd deposition on the alumina surface, the
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TABLE IV. Effect of the exchange-correlation functional in the study of the the accuracy reached by the present state-of-the-art density
interaction of a Pd atom with five different surface sites on thefunctional methods in predicting structural geometries and
a-Al,05(0001), calculated using cluster or two-dimensional models. Some dhesi . H | id f i far f h
atomic layers of the substrate are relaxed. The adsorption energies are cgadnesion energies o metals on oxide suriaces Is far from that
culated with respect to the separated systems and include the counterpoig@ached in molecular quantum chemical calculations either
correction. based on the use of correlated wave functions or of hybrid

DF approaches.

Adsorption site
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